The neutralist perspective on molecular evolution maintains that the vast majority of mutations affecting gene function are neutral or deleterious. Following a gene duplication where both genes are retained, it predicts that original and duplicate genes diverge at a clock-like rates. This prediction is usually tested for coding sequences, but can also be applied to another important aspect of gene function, the genes' expression pattern. Moreover, if both sequence and expression pattern diverge at clock-like rates, a correlation between divergence in sequence and divergence in expression patterns is expected. Duplicate gene pairs with more highly diverged sequences should also show more highly diverged expression patterns. This prediction is tested for a large sample of duplicated genes in the yeast Saccharomyces cerevisiae, using both genome sequence and micro array expression data. Only a weak correlation is observed, suggesting that coding sequence and mRNA expression patterns of duplicate gene pairs evolve independently and at vastly different rates. Implications of this finding for the neutralist-selectionist debate are discussed.
Introduction
If most mutations in coding regions are neutral or deleterious, the number of amino acid substitutions in a protein should be roughly a linear function of time, as predicted by the neutral theory of molecular evolution (1) . A "neutralist" position on molecular evolution holds that such clock-like substitution rates are the prevalent mode of molecular evolution, whereas the selectionist viewpoint holds that advantageous mutations occur at appreciable frequency in many genes. If they do, theory predicts (i) great rate variation in sequence evolution, caused by directional selection on advantageous mutations, and (ii) an elevated rate of non-synonymous substitution in rapidly evolving genes (2, 3) . Arguments for or against the neutralist position revolve around case studies on one or few genes that address these two issues in some way or another (2) (3) (4) (5) (6) (7) (8) (9) (10) . Recent work in this area has increasingly focussed on patterns of evolution in duplicated genes (8) (9) (10) (11) (12) . Here, the neutral theory predicts that duplicated genes diversify in function mainly via neutral mutations, whose rate may be elevated as a consequence of "relaxed constraints" on gene function after duplication. An accelerated rate of sequence evolution is consistent with this view, as long as the rate of non-synonymous substitution is greater than the rate of synonymous substitution. However, such rate elevation has been observed for a number of duplicated genes, and it is a strong argument against the neutral model for these genes (9) (10) (11) .
Most contemporary tests of the neutralist position focus on sequence evolution. However, the neutralist position is primarily a postulate about how most mutations affect gene function, and only secondarily a statement about rates of sequence divergence. Clearly, the biochemical function of a gene product, as represented by its amino acid sequence, is only one aspect of gene function. Another important aspect is a gene's spatiotemporal expression pattern which may be strongly influenced by selection. For instance, gene expression patterns can often not be altered without adversely affecting organismal development (13) . Furthermore, expression patterns are sometimes so conserved that they serve as reliable indicators of key developmental events across a broad range of organisms (14, 15) . Conversely, change in expression is often associated with change in function. For instance, an increasing number of genetic studies indicate that the divergent functions of many duplicate genes are due to divergence in expression pattern rather than coding sequence (16) (17) (18) . Take the case of the mouse gene Myf5, whose knock-out mutation causes a defect in rib cage formation which can be rescued if the coding region of its paralogue myogenin is placed under the control of the regulatory region of Myf5 (16) (17) (18) . However, the two 4 genes have diverged substantially in coding sequence since their duplication more than 400 Mya (19) .
While it is often stated that gene duplications and subsequent evolution of regulatory regions have driven most morphological evolution, it is not clear whether mutations causing such changes would be mostly advantagous or neutral. For instance, the expression of duplicated genes may become restricted to a part of a pre-duplication expression domain merely by mutations in enhancer sequences that abolish expression in part of this domain. Such mutations would have deleterious effects before a gene duplication, but might be neutral after duplication because of "relaxed constraints" (1).
Even in lower eukaryotes, the regulatory (enhancer) sequences which determine gene expression can contain many binding sites for different transcriptional regulators (20) . They thus contain much DNA that might be useful to assess the importance of neutral evolution for regulatory regions. While some attempts were made to study the molecular evolution of enhancers (21, 22) , comparisons among anything but closely related species may often be difficult. This is because regulatory regions usually consist of much inert DNA with scattered islands of functionally important regions, whose location may shift without major functional consequences. Fortunately, micro array technology has made it possible to circumvent these problems by permitting the study of gene expression on the mRNA level (23) .
Similar to the predicted gradual sequence divergence between original and duplicate genes, the similarity of spatiotemporal gene expression patterns between duplicated genes will also decline gradually, if evolution of expression patterns is best approximated by a neutralist model. As an important corollary, a correlation between divergence in sequence and divergence in expression patterns is expected. The greater the sequence similarity between two duplicate genes, the greater should be the similarity in expression pattern between these genes..This prediction can be tested in two different ways. First, one could follow the divergence in sequence and expression pattern of one gene pair in multiple related organisms. Second, one could analyze a large sample of duplicated gene pairs with varying degrees of divergence within one organism.
In the second case, the rate of divergence would depend on the age of the duplication and on the functional constraints on the duplicate genes. The availability of genome sequence data and large scale micro-array expression data from various organisms has put the second approach within reach. It is pursued here for the yeast Saccharomyces cerevisiae, for which not only the complete genome sequence is known (24) , but where also micro array expression data is available for all genes under multiple physiological conditions (23, (25) (26) (27) . The result show that there is at most a very weak correlation between rates of divergence in sequence and expression pattern. (26)), and (iv) temperature and reducing shocks (14 time points; (25) ). This data set is ideal for the purpose of this study, because gene expression under many physiological conditions is represented. For each gene and each time point of an experiment, the data provides log 2 -transformed ratios of expression levels in an experimental population and a reference population of cells (25) . For all (≈3x10 6 ) gene pairs, Pearson product-moment correlation coefficients r of expression levels were calculated. Gene pairs not encoding ribosomal proteins and with a value of r>0.5 were retained for further analysis. Conventional tests to detect correlation coefficients significantly different from zero at some significance level P can not be applied here, because the data is not sampled from a normal distribution. However, the following randomization was carried out to demonstrate that r=0.5 is a statistically conservative cut-off value. Denote as x=(x 1 , … , x n ) and y=(y 1 , …, y n ) the expression time course for two genes x and y, as represented by log 2 -transformed expression ratios x i and y i . A permutation x (1) of one of the time series was generated by randomly shuffling all entries of the array x. Then, a Pearson correlation coefficient r (1) was calculated for the shuffled time series x (1) and y, and its magnitude was compared to r. This process was repeated k=500 times. If the absolute value of r (i) exceeded the absolute value of r less than kP times (here, P=0.01), r was considered significantly different from zero. When carried out for a sample of 1000 randomly chosen gene pairs, correlation coefficients with r>0.35 were always accepted as significantly different from zero. Thus, the cutoff value of r=0.5 is statistically conservative. 
Results
To determine whether duplicated genes show correlated rate divergence in expression patterns and amino acid sequences, the remnants of a yeast genome duplication event were
analyzed. These remnants consist of 376 gene pairs organized into 55 syntenic gene clusters (31) .
Of these 376 gene pairs, a subset of the 20 most highly conserved pairs was chosen for analysis. There is no statistically significant association (P=0.18) between divergence in amino acid sequence and similarity in expression pattern among these 20 gene pairs (Fig. 1) . The significance test employed here was a randomization test identical to that carried out to determine significant similarity among expression patterns of two genes. Non-parametric tests of association between sequence similarity and similarity in expression patterns yield similar results (not shown). The advantage of analyzing this data set is that the duplications are known to have occurred at the same time. However, the absence of a statistically significant correlation may simply be due to the small number of genes that are sufficiently highly conserved to be analyzed.
A second, larger data set was thus generated that included all non-ribosomal yeast genes of known function with highly correlated expression patterns (r>0.5) and conserved sequences 0<d a ,
. This data set of 124 gene pairs may contain duplications of different ages, such that the observed degree of divergence is a combination of duplication time and divergence rate.
Statistical analysis of this larger data set yielded qualitatively identical results, in that there was only a very weak, albeit now marginally significant, statistical association between divergence in amino acid sequence and expression pattern ( Fig. 2a; (Fig. 2b ) will partially reflect a general correlation of amino acid sequence divergence with duplication age, and partially reflect the influence of these confounding factors.
While the relative age of gene duplications can thus not be determined without further phylogenetic information, third position distance will certainly be a better indicator of relative duplication age than amino acid based distance. The 124 gene pairs were thus classified into 5 groups according to their third position DNA distance, and statistical associations between amino acid divergence and divergence in expression patterns were assessed separately for each group.
The results, summarized in Fig. 2c , demonstrate that neither of these groups showed a statistically significant association between sequence distance, and distance in expression pattern. This holds also if non-parametric measures of association are used (not shown).
In order to evaluate whether differences in sequence divergence among gene pairs are associated with different patterns of synonymous and non-synonymous substitutions, a subset of gene pairs with the most highly conserved expression patterns (r>0.8) was analyzed. They were subdivided into two groups, a group of 7 gene pairs highly divergent in amino acid sequence (mean d a =0.85), and a group of 10 gene pairs with highly conserved amino acid sequence (mean d a =0.11). The estimated mean fraction of synonymous nucleotide substitutions per position differed only by a factor of 1.7 between the two groups, whereas the fraction of non-synonymous substitutions differed by a factor of 7.6 (Fig. 3) . The mean ratio of synonymous to nonsynonymous substitutions is 13.6 (_ = 8.6) for the converged gene pairs, and 2.5 (_ = 0.6) for the more diverged gene pairs. Thus, rapidly evolving gene pairs with highly conserved expression patterns show an elevated rate of non-synonymous substitutions.
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Discussion
In sum, at best a very weak statistical association is observed between divergence in amino acid sequence and temporal mRNA expression patterns of the moderately to highly conserved yeast gene pairs analyzed here. This holds both for a set of gene pairs that originated in an ancient yeast genome duplication event, and for a set of gene pairs identified only on the basis of their similarity in sequence and mRNA induction levels under a variety of physiological conditions. This second set of gene pairs was subdivided into groups of genes with different degres of divergence at the third codon position, in order to attempt a rough classification according to different duplication ages. None of these groups showed the expected statistical association if neutrality is the dominant mode of evolution.
The most obvious interpretation of these results is that advantagous mutations occur at appreciable rates in either regulatory or coding regions of one of two duplicated genes, causing a variation in evolutionary rate so great that the expected correlation between sequence divergence in divergence in expression patterns erodes rapidly. However, there are some caveats to this interpretation.
Are some duplications too ancient, or some duplicates too divergent to be included?
The yeast genome duplication event in which the first set of gene pairs (Fig. 1) originated occurred of the order of 100Mya (31) , and some duplications in the second set of gene pairs (Fig.   2a ) will be even older. One might argue that only the analysis of more recent duplications may allow meaningful conclusions.
In this regard it is important to note two points. First, the validity of the neutralist position does often not depend on duplication age. Genes routinely used to infer phylogenies (an implicit assumption of evolution according to a neutral pattern) may evolve neutrally over significantly longer time spans (43) . In a similar vein, many ancient gene duplicates (400My, 19) with redundant functions still exist in vertebrate genomes (18, (44) (45) (46) (47) . This great functional overlap among ancient duplicates suggests a largely neutralist pattern of (functional) evolution since the duplication.
Second, most gene pairs in the two data sets are highly conserved, high sequence conservation being one of the criteria by which these genes were originally identified (31) 
Do sequence and expression patterns diverge neutrally, but at very different rates?
This would be somewhat analogous to different rates of sequence evolution observed in different DNA sequences. For instance, because mitochondrial (mt) DNA evolves much faster than ribosomal (r) DNA (43), one might find only weak statistical associations between degrees of rDNA and mtDNA divergence on the broadest taxonomic levels. However, differential rates of evolution can not explain the lack of correlation observed here, simply because there are many gene pairs with considerable sequence divergence (d a > 0.8) that have highly conserved expression patterns (r>0.8), and vice versa (Fig. 2a) . This leaves the possibility that sequence is extremely constrained for some gene pairs, whereas evolution of their expression patterns is unconstrained, and vice versa for other gene pairs. This is not supported by anecdotal observations, such as that duplicate gene pairs with highly conserved sequences (e.g., ribosomal genes and histone genes) often also show highly conserved expression patterns. In an attempt to exclude this possibility, the ratio of synonymous to non-synonymous substitutions was determined for the set of gene pairs with the most highly conserved expression patterns (r>0.8). If those members of the set with highly divergent sequence showed an increased rate of nonsynonymous substitutions relative to those members of the set with conserved sequence, one could conclude that the different rates in sequence evolution are due to directional selection. The results (Fig. 3) are suggestive but not conclusive. The ratio of non-synonymous to synonymous substitutions differs by a factor of five between the two groups. However, the fraction of nonsynonymous substitutions does not exceed that of synonymous substitutions for any gene pair analyzed.
Information relevant to resolve this last issue may also come from functional analysis of knock-out mutations in duplicated genes. If the neutralist view is correct, then one expects a 11 correlation between the degree of divergence among duplicated genes, and the severity of the effect of loss-of-function mutations in one of the two genes. A recent study analyzing the results of a large-scale knock-out experiment in yeast (32) shows that there is no such correlation (33) . by using a data set based only on criteria of similarity among duplicated genes, one may gain a representative picture of the forces driving molecular evolution on the whole-genome level, and thus avoid the potential (investigator) bias caused by focussing on genes of particular function.
Strengths and weaknesses
Second, proponents of the neutralist position have argued that variation in generation time or mutation rate across taxa may account for much of the observed variation in substitution rate that is in apparent conflict with their position (2, 3) . By studying many genes in one organism, these problems are avoided altogether, because all studied genes share a common evolutionary history.
There are also disadvantages of this approach. First, using a criterion of conservation to select a set of duplicated genes might introduce a bias towards neutralist patterns of evolution.
For if advantagous mutations are very rare, then one might observe their traces only in highly divergent genes. Second, unless one has access to a recently duplicated genome, the approach can not easily disentangle conservation due to recent duplication, and conservation due to functional constraints. Not even synonymous substitutions permit precise dating of gene duplications, because of a widely observed correlation between the rate of synonymous and non-synonymous substitutions (39) (40) (41) (42) . Note, however, that from the neutralist viewpoint, it should not matter whether two highly divergent genes differ because they were duplicated a long time ago, or because they are under few functional constraints. If the neutralist pattern holds for most genes, then even most anciently duplicated genes should diverge neutrally.
The first step from evolutionary genetics to evolutionary genomics is to study a large sample of genes in one organism, as opposed to tracking one gene pair through multiple organisms. The second step would consist in combining these two approaches by using whole genome information from multiple related organisms. Once this second step becomes feasible, the issues left open by either approach will be resolved, and a divisive and polarizing debate can then be put to rest. shows the ratio of synonymous to non-synonymous substitutions for these two groups of gene pairs.
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